Energy dispersive X-ray spectroscopy (EDS) in electron microscopy has been widely used in many research areas since it provides precise information on the chemical composition of subcellular structures that may be correlated with their high resolution images. In EDS the characteristic X-rays typical of each element are analyzed and the new detectors -an example of which we describe -allow for setting precisely the area of measurements and acquiring signals as a point analysis, as a linescan or in the image format of the desired area. Mapping of the elements requires stringent methods of sample preparation to prevent redistribution/loss of the elements as well as elimination of the risk of overlapping spectra. Both qualitative and quantitative analyses may be performed at a low probe current suitable for thin biological samples. Descriptions of preparation techniques, drawbacks and precautions necessary to obtain reliable results are provided, including data on standards, effects of specimen roughness and quantification. Data on EPMA application in different fields of biomedical and agricultural studies are reviewed. In this review we refer to recent EDS/EPMA applications in medical diagnostics, studies on air pollution and agrochemicals as well as on plant models used to monitor the environment.
INTRODUCTION
Electron probe microanalysis (EPMA) was developed more than 40 years ago when a solid-state Si (Li) energy dispersive spectrometer (EDS) was described for the first time in 1968 by Fitzgerald and co-workers [1] . EPMA gives a unique opportunity to combine the ultrastructural examination of the sample with its elemental composition based on the characteristic X-rays generated by each element [2] when the sample is exposed to the electron beam emitted from the cathode of the electron microscope. When an electron, accelerated up to the velocity of 150 600 km/s at 80 kV, hits any specimen, various interactions may occur [3, 4] , as shown in Fig. 1 [5] . A signal under the specimen in the electron microscope may be observed only when the specimen is very thin. 
PRINCIPLE AND CHARACTERISTICS OF EPMA
Generation of characteristic X-rays and continuous X-ray described below is illustrated in Fig. 2 . The mechanism of characteristic X-ray generation is based on the interactions between electrons emitted from the cathode of the microscope and electrons present on the atomic shells of the element in the probe. The amount of electron's energy produced by the microscope is enough to remove electrons from atomic shells of the probe (A) and depends on: from which shell an electron will be removed and from which shell another electron comes for replacement. As a result different and unique X-rays are generated. For example: line K α will be created by an electron from the L-shell, which replaced an electron removed from the K-shell. In the case of K β a new electron will come from the M-shell. After that event de-excitation of the atom occurs, resulting in emission of characteristic X-rays (Fig. 2 A) . It is possible to recognize elements inside the specimen from energy peaks on spectra [10] .
Fig. 2. Generation of X-rays -a simplified diagram of inner atomic electron shells.
A -Generation of characteristic X-rays, B -Continuous X-ray spectrum (Bremsstrahlung) [6 -9] . A continuous X-ray spectrum is generated by electrons which are slowed down [ Fig. 2 B] . Inside the specimen there is an electrostatic field generated by atomic cores. This field interacts with electrons by changing their movement direction and energy. All the X-ray photons generated from these collisions between electrons and target atoms form a continuous X-ray spectrum (Bremsstrahlung). An example of an EDS spectrum is shown in Fig. 3 . According to Goldstein the appropriate EDS specimen surface should be thin and flat or highly polished to reduce effects of 'geometric' factors such as surface roughness, size, shape, and thickness on X-ray interactions. To compensate for geometric effects the "peak to background" (P/B) method was introduced, which assumes that both the characteristic and continuum X-rays are equally affected by these effects. The P/B method is defined as the total number of characteristic counts in a particular peak divided by the background counts under that peak and is based on measuring the background derived from the same electron-excited region as the characteristic X-rays [8] . P/B is linearly related to the concentration of the studied element and needs to be compared with a standard or standard curve to produce the quantitative data [9] . Mapping of the elements present at low concentration requires special attempts including collection of a background map during every experiment and its comparison with the maps of low-concentration elements [11] . When particles are analyzed, scattering and X-ray propagation depend on particle size/composition and on the incident beam energy [8] . Newbury and coworkers (1980) analyzed by EDS particles of different size (0.5 µm -6 µm in diameter) in comparison to a bulk specimen of the same composition and compared their P/B ratios. The P/B ratio of the particle increased relative to that of bulk material as the particle size decreased over the entire energy range studied. When this type of comparison was performed for 6 µm diameter particles, the P/B values at 20 kV were similar to that of the bulk, with a value slightly higher by 2-6% for the particle. The ratios of peak intensities emitted by the samples showed much larger deviations depending on the energy lines of different elements: greater intensity from a particle was observed for the elements with low energy lines in comparison to that from the bulk specimen [12] . A new geometry correction for small particles was recently described in which models composed of cellulose with homogeneously distributed Na, Mg, P, S, Cl, K, and Ca were used with sizes increasing from 0.5 µm to 30 µm. This correction method could be helpful for accurate assessment of elemental composition in biological or organic matrices, when their lateral dimensions are smaller than the distribution range [13] . The incident beam spreads within the sample, creating an interaction volume caused mainly by elastic scattering within the specimen. The interaction volume is a function of the beam diameter. In the case of thin specimens an increase in accelerating voltage reduces the interaction volume and gives a higher spatial resolution. Conversely, when bulk samples are analyzed, increasing the voltage increases the interaction volume [14] . X-ray generation within the interaction volume is not uniform, as was revealed by Monte Carlo simulations (a statistical method using random numbers for calculating the paths of electrons): for Si the interaction volume at 20 keV was 3600 nm, which is approximately 100 times bigger than at 5 keV [11] . For thin TEM specimens the spatial resolution of an X-ray map is a function of the accelerating voltage, the electron beam size at the specimen and the specimen thickness [8] and is in the range of 2-100 nm. In EPMA/SEM mapping of elements of bulk specimens the spatial resolution is ~ 1µm [11] . Identification of a particular element should be based on the presence of the major peak for this element in the spectrum [9] . Putative artifacts in EDS measurements should also be considered, such as generation of X-radiation either in the illumination system of the TEM microscope (from electron interactions with the column components) or by electrons or X-rays that scatter from the specimen and strike the specimen holder or objective lens. In order to perform quantitative EDS it is necessary to subtract these spurious X-ray signals from the acquired spectra [7] .
STANDARDS FOR EPMA
Quantitative X-ray microanalysis requires that the sample and standards be stable under the electron beam. In general, standards should be of known composition and must be homogeneous at the microscopic level [8] . Elements of spectral purity, pure chemical compounds or alloys [15] may be used if they are conductive [8] . Warley [16] , describing the standards for application of X-ray microanalysis to biological specimens, pointed out that they must resemble the composition of the sample and be prepared in exactly the same way. Therefore resin-embedded standards should be used for specimens prepared in resins and standards based on proteins for quench-frozen cryosectioned specimens. Next these standards were processed according to the procedure applied to the specimens before calibration of EDS [9] . Standards based on proteins had been made by dissolving known concentrations of salts in albumin or gelatin and freezing the aliquots of the solution. A number of different concentrations of each element had to be prepared [17, 18] . Examples of standards for acquisition of different elements' reference intensities are the following: CaCO 3 , SiO 2 , MgO, Al 2 O 3 , TiO 2 , which have a known stoichiometric composition [8, 19] . Standards have been determined by classical wet-chemistry or other gravimetric techniques. In fact wet chemical methods have their own systematic errors that affect the accuracy of determination of the standard composition. For example, when Al is precipitated out of solution in preparation for weighing, significant Fe may also be precipitated [8] . Comparison of the minimum detectability limit of various elements present in the sample between the results obtained by wet chemistry and EDS was discussed by Goldstein [8] . Wet chemistry results (in wt%) for Kα of the following elements were: for Na 3.97, for Ca 12.03 and for Si 26.69, in comparison with P/B results -2.8 for Na, 8.5 for Ca and 22.8 for Si. Standardless quantification methods in electron probe microanalysis may be suitable for the analysis of a rough sample, but Trincavellia and coworkers [20] pointed out that they are less precise than algorithms that use standards. Under the electron beam the biological samples lose the low atomic number elements and the following suggestions were given by Fernandez et al. to reduce this effect: analysis at low temperatures using a cold stage and choice of a standard of similar overall composition to the specimen with the assumption that mass loss is similar in both specimen and standard [17] .
ALTERATION OF THE SAMPLE DURING EPMA ANALYSIS
Preparation of the biological specimens for X-ray microanalysis requires great attention. After EDS quantitation of elements in the isolated thymocytes, Kendal et al. noted elevated concentrations of Na, P, S and Cl in comparison to the concentrations of these elements in the cells in the corresponding tissue [21] . Eibl et al. [22] , analyzing melanosomes in retinal tissues of different species, detected -among other elements -a small amount of iron (a mole fraction ratio of less than 0.1 at.%) that gives the melanin its paramagnetic properties. However, this element was also detected in the EPON (Epoxy Resin) in which the specimens were embedded, which makes the exact quantitation of Fe -even after inserting the stray aperture -not fully reliable. As pointed out by Goldstein et al. [8] , sample contamination, damage and artifacts may occur at any step of the preparation procedure. Techniques used to retain the chemical content of the specimen usually affect the intracellular architecture. One of the effects is tissue damage in a high vacuum, and therefore the samples are freeze-dried, dehydrated or in the case of biological samples subjected to mild drying in liquid CO 2 (critical point drying) and/or coated with neutral metals [15] . The electrically nonconducting specimens analyzed in SEM may absorb electrons that accumulate a net negative charge. To prevent this effect, coating of the samples with a thin film (tens of nanometers) of a metal or carbon is used [12] . The latter is considered the best choice, giving almost an undetectable signal in energy dispersive spectroscopy, and is also used in TEM studies to enhance electronic contrast. Experimental procedures should be designed in such a way as to consider: the surface of the sample (smooth and without any contamination), homogeneity of its chemical composition and quantitative characteristics of its microstructure, to avoid overlapping of the spectra with those deriving from the elements in the coating layer. All the steps of preparation of the sample require stringent conditions [8, 15] . Under the electron beam emission both the heat and charge pose a threat to the sample, and therefore coating with carbon or gold may be used [8] .
Practical quantitation could be complicated by the possibility of mass gain, mass loss, standard inhomogeneity, non-uniformity of sample thickness, possibility of shrinkage during freeze drying and, when using energy dispersive spectrometry, by the low signal over background for low atomic number elements (Na), and the possibility of overlap of the characteristic X-ray line. Eibl et al. pointed out [23] that water is eliminated from soft tissues during TEM preparation of the samples and replaced by carbon of the resin. Therefore the EDS quantitation will show an increased content of C and a decrease in hydrogen content (that is unmeasurable by EDS) in such a case [22] . Biological samples are sensitive to beam damage and inherently produce low X-ray count rates [24] . Spectra acquisition requires great care to avoid artifacts. Os and U are heavy elements that yield a significant contribution to the background in the EDS spectra. Since the minimum detectable mass fraction depends on the background signal level, this level has to be kept as small as possible. Therefore both OsO 4 and uranyl acetate should be avoided. Lechen [25] compared the effect of washing media used before freezing of the samples on ionic content of the renal proximal tubule cells: K content was slightly higher when cells were washed with distilled water than with ammonium acetate, but it was vice versa in the case of sodium. EDS requires stringent methods of specimen preparation -especially for transmission electron microscopy (TEM) -to avoid redistribution or loss of the elements. Attention should be paid to the purity of the chemicals used, since any contamination may obscure the results of element identification or cause a false identification (Table 1) . One reason to avoid osmium tetroxide in the samples for EDS is the problem of overlapping spectra. This is illustrated in Fig. 4 , where the K α phosphorus (P) line and the osmium (Os) M α and M β lines are overlapping. Moreover, K α for molybdenum (Mo) and K α for aluminum (Al) in the X-ray spectrum appear at the same energy. Fig. 4 . Osmium tetroxide present in the sample obscured identification of some elements due to the overlapping spectra in EDS.
The other elements that should be carefully monitored to avoid overlapping spectra are listed in Table 2 . Control procedures should be carried out, since under different experimental conditions the reagents meant not to cross the cell membrane may be found in the cytoplasm, as proved by X-ray microanalysis [26] . There is continuous progress in the precision and accuracy of EDS in electron microscopy [8, 27, 28] , which may be illustrated by the comparison shown below. The equipment installed in our laboratory in 2008 -JEM 1400 (JEOL Co., Japan) with EDS INCA Energy TEM 1 (Oxford Instruments, UK) -has many advantages over the previous one, i.e. JEM 1200 EX (JEOL Co., Japan) combined with LINK (Link Analytical, England) AN 10000, which was the first unit to perform biomedical EDS, available in our laboratory for scientists from all over the country from 1987. The advantages of the new system are summarized in Table 3 . There are two features worth mentioning: the 126.8 eV spectral resolution of the detector and three times higher value of counting rate providing the same analytical results with a lower probe current. This is especially important for thin biological samples -used in biology and medicine -to reduce radiation damage. The number of analyzed elements was increased due to a new type of beryllium window and the combination of EDS detector and STEM (scanning transmission electron microscope) device which allows one to precisely set the area of measurements and to acquire signals as a point analysis, as a linescan or in the image format of the desired area. Both qualitative and quantitative analyses may be performed, and mapping of elements may be superimposed over the image of the examined specimen at the nanometer scale. The software allows comparison of spectra acquired from different sites/samples. Our experiments provided some insights on the conditions of measurements: they depend both on the sample durability (radiation damage, sample drift) and the signal strength. The optimal number of counts for mapping is 500 000-1 500 000 cps (acquisition time: 30-90 min), whereas for a point analysis it is 10000 cps (acquisition time: 2-6 min). Grids for EDS should be coated with formvar/carbon films for better stability. The signal from this layer is very weak (as an additional background) but coating is not recommended in the search for light elements. The EDS system combined with JEM 1400 in our laboratory detects elements heavier than beryllium (Z=4). Energy dispersive detection systems are used for the analysis of biological specimens because of their multi-element capability and their greater effectiveness at low probe current. The ratio of peak-to-continuum counts is used as a basis for quantification [17] . In this review we will focus on biomedical and agrochemical application of X-ray electron microanalysis. This method is very useful both for the identification and quantification of elements enabling their simultaneous localization in tissues, cells and intracellular compartments [17] .
APPLICATION OF EPMA IN MEDICAL DIAGNOSTICS
EDS has been used in medical diagnostics. Striking results were obtained after examination of people who underwent thorium dioxide (Thorotrast) injection 32 years earlier. By means of autoradiography, electron microscopy studies and X-ray microanalysis thorium was identified in their liver macrophages [29] , confirming the accumulation of Thorotrast after so many years. X-ray microanalysis may be useful in defining criteria for malignant tissue formation [30] . In the studies on prostate cancer, a significant decrease in intracellular 2 Detectors used in the Laboratory of Electron Microscopy, Nencki Institute of Experimental Biology. INCAPentaFET-x3 is combined with JEM 1400 whereas LINK AN 10000 was used as the X-ray detector combined with JEM 1200 EX in the period 1987-2009.
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-and K + and a progressive increase in Mg 2+ and Na + were observed with parallel changes in cellular volume as PC3 cells passed through three morphological stages of apoptosis [31] . Alterations in the element composition were also noticed by Vilches et al. [32] : programmed cell death of the prostatic cancer cells involved an increase in P/S ratio. Other example of application of EDS was the analysis of the retinal pigment epithelium of two healthy human donors by the energy-filtered analytical TEM. Quantitative analytical electron microscopy revealed the chemical composition of different pigments (without prior isolation from the tissue) including trace elements such as zinc that plays a role in the progression of age-related macular degeneration [33] . Application of scanning electron microscopy revealed cracks and granules on the acrylic intraocular lens surfaces after combined vitrectomy and cataract surgery, whereas X-ray electron spectroscopy studies demonstrated calcium deposits on them [34] . Shalabi and coworkers [35] analyzed utilization of titanium-coated poly methyl methacrylate implants for evaluation of the bone-implant response using micro-computer tomography, light microscopy and X-ray microanalysis. It was found that the titanium-coated implants were well tolerated and caused no atypical tissue response. Moreover, the bone was seen in direct contact with the titanium-coated layer. The effects of long-term treatment of osteoporotic women [36] with Sr ranelate [37] -the anti-osteoporotic drug -were studied with X-ray microanalysis. Analysis of the iliac bone biopsies revealed the focal distribution of Sr in all bone samples and its exclusive presence in the bone formed during this therapy. The areas containing Sr increased during 60 months of treatment with Sr ranelate [36] . Different methods were used (including HR-TEM, EDS, electron energy-loss spectroscopy and tomography) to analyze Alzheimer's plaque core material. It was shown that the dominant iron compounds biogenic magnetite and maghemite were present in these plaques [38] . The first example of application of EDS in SEM combined with mapping to study the human cardiac calculi was recently described [39] . Cardiolith formed in the heart of an old patient was dissected and spatial distribution of elements in the cross-section was analyzed. Calcium hydroxyapatite and cholesterol were the main components of the cardiac calculus. The authors reported that the calcium hydroxyapatite-rich area exhibited higher amounts of C, O, P, and Ca, whereas the major concentration of C, minor concentrations of N and O, and trace amounts of P and Ca were observed in the cholesterol-rich area. EDS was used to measure the stage-related changes in Na, K, and Fe contents in single human red cells infected with Plasmodium falciparum causing malaria and in uninfected controls. A decrease in Fe signal was noticed with an increased Na/K ratio. These studies are relevant since this parasite causes alterations in the homeostasis of the host erythrocytes. The authors interpreted the results in terms of the sustained fall in host cell hemoglobin concentration with parasite maturation. These results support a colloid osmotic role of excess hemoglobin digestion [40] . The studies allowed the creation of comprehensive maps of the elemental distributions of Na, K, and Fe in falciparum-infected red blood cells. The X-ray microanalysis in both the TEM and SEM was also useful to evaluate the chemicals exhibiting the antibacterial effects such as a new organo-tellurium compound against Escherichia coli [41] or disinfectants used for orthodontic cutters [42] . The cytotoxic effects of the dental composite 2-hydroxyethyl methacrylate (HEMA) in human gingival fibroblasts were revealed by quantitative X-ray microanalysis. The results suggest that this sensitive method enables one to detect early cell damage even before the cell membrane is altered [43] .
APPLICATION OF EPMA IN STUDIES ON AIR POLLUTION
The increasing problems with air pollution have focused the attention of many scientists. Application of EPMA seems to be a useful tool to estimate the risk of polluted air in terms of human health. One example is an examination of the epidemics of malignant mesothelioma among the inhabitants of two Italian towns [44] . It occurred among persons never employed in the local asbestos-cement factories with an increased risk for those who lived in the proximity of both plants. Lung tissue samples from mesothelioma patients were analyzed by EDS in scanning electron microscopy to identify the type of asbestos fibers accumulated. The authors concluded that environmental exposure to a mixture of asbestos fibers may lead to a high lung fiber burden of amphiboles even many years after exposure cessation. Elemental mapping with energy-dispersive X-ray spectroscopy associated with scanning electron microscopy was used in studying internally mixed atmospheric particles from urban air in three US cities -Atlanta, Los Angeles, and Seattle [45] . These methods enabled particles to be classified by origin and heterogeneity. The following procedures were undertaken: tilting imaging to reveal particle surface roughness/depth, mapping at low beam energies, noting the position of the EDS detector in the map field and assessing differences in the mass absorption coefficients of the particle's major elements. The impact of particle shape on X-ray microanalysis was demonstrated by having the beam enter the particle at ≥ 52° from normal [45] . One of the major problems concerning the quality of air is the emission of particulate matter (PM) from industrial installations. This was studied by Konieczyński et al. [46] using a variety of methods, including EDS, TEM, SEM and X-ray diffraction, to analyze PM emitted from three installations producing ceramic tiles in Poland using five technological operations. Density of PM was in the range of 2.31 to 3.03 g/cm 3 . The samples of PM comprised elements utilized in tile manufacturing (quartz, cristobalite, kaolinite, feldspars), in glass opacifiers (TiO 2 ) and in coloring agents. The elements dominating in PM were iron (2.23-20.34 mg/g) and zinc (0.11-15.0 mg/g), whereas copper content exceeded 5 mg/g, lead -0.6 mg/g, chromium and manganese -0.5 mg/g. Concentrations of chromium, cobalt and manganese in PM were independent of sampling points in contrast to high differences observed between content of zinc, copper and cadmium at various sampling points. The highest concentration of determined metals was in PM from spray dryer and tile glaze line while the lowest was in PM emitted from tile dryers and roller kilns [46] . Pietrodangelo and coworkers [47] used X-ray microanalysis to investigate the presence of metal particles in airborne aerosols of the Po Valley (Italy) in three types of environments: industrial, residential and rural. Metal particles were often observed as either isolated or homogeneous clusters. The heterogeneous clusters were observed mostly between Fe-bearing metallic particles and carbonaceous particle aggregates. Unusual silicate-carbonate mixed aggregates were observed only at the industrial site and the following elements: Mn, Cr, Co, Bi, W and Zr were embedded as fine particles in these aggregates. Air pollution was also studied in the proximity of a traffic roundabout in Sweden [48] , and the authors reported that Fe content correlated strongly with Na, Al and Si, implying that it was spread from the roadside emission along with dust. Emission of air pollutants from motor vehicles and stagnant meteorological conditions, such as low wind speed and high relative humidity, were the reasons for the differences observed in the chemical composition of the 12 aerosol samples collected on haze and non-haze days in Incheon, Korea. 3600 individual particles were analyzed by EPMA. The major particle types included organic and elemental carbon, sea-salt, mineral dust (such as aluminosilicate, SiO 2 , CaCO 3 /CaMgCO 3 ), (NH 4 ) 2 SO 4 /NH 4 HSO 4 -containing, K-containing and fly ash particles. Interestingly, organic carbon particles were significantly increased whereas sea-salts and mineral dust particles were significantly decreased on haze days. On non-haze days, the nitrate-containing reacted sea-salt and mineral dust particles significantly outnumbered the sulfate-containing ones, whereas it was the reverse on haze days [49] . Researchers in the region of the Asian Pacific Jeju Island (Korea) characterized the chemical compositions of individual aerosol particles collected before a severe dust storm using quantitative EPMA. Over eleven thousand particles were examined and classified on the basis of their secondary electron images and X-ray spectra. The analysis showed the influence of several sea salts and reacted mineral dust and many NH 4 HSO 4 /(NH 4 ) 2 SO 4 -containing particles. Investigators also identified anthropogenic SO 2 and NO x in one of the areas studied [50] . In the next study the authors revealed the process of mixing and aging of Asian dust storm (ADS) particles during long-range transport from the Gobi Desert in Mongolia to Beijing and then over the Yellow Sea where particles spent approximately 5-8 h [51] . Within this period ADS particles were mixed with sea spray aerosols or reacted with airborne pollutants. The results showed that there were large differences in the chemical compositions between aluminosilicates indicates that significant evolution or aging must have occurred on the ADS particles in the marine atmosphere during transport from China to Korea [51] .
AGROCHEMICALS
The quantification of agrochemicals on plant surfaces is a challenging task in biology. Organic and inorganic pesticides were tested on enzymatically isolated fruit cuticles. Droplets of pesticides (0.5 µl -1 µl) at varying concentrations were deposited on plant surfaces and next analyzed by EDS [52] . The authors used different standards as well as methods of quantification. They pointed out that use of some selected internal standards such as Ca(NO 3 ) 2 improved the accuracy of the quantification slightly but led to the formation of particular, nontypical microstructured deposits. In this case, the three-dimensional structure and the associated microroughness of the deposit as well as the detection limit of the technique may influence the accuracy of quantification. The organic substances under study had at least one distinctive element other than C, N and O -the most common elements on plant surfaces -in their molecule. Reliable quantifications of the organic compounds glyphosate, glufosinate, bromoxynil and mancozeb as well as inorganic copper and sulfur were achieved out of 16 agrochemicals tested. Good differentiation between glyphosate amount using net intensity as the main parameter was accomplished at concentrations higher than 4.3 mM, which corresponds to 10% of the regular herbicide concentration in agricultural sprays. Pesticide contamination of drinking water in many regions of the world requires novel techniques of its purification. Bootharaju and Pradeep [53] showed that chlorpyrifos -a pesticide belonging to the organophosphorothioate groupundergoes decomposition over Ag and Au nanoparticles. A new procedure to obtain a new biosensor for sensitive detection of organophosphorus pesticides was recently published. This biosensor is based on Prussian blue nanocubes/reduced graphene oxide nanocomposite. TEM and EDS studies indicated that the nanosheet was decorated with cubic nanoparticles and nearly all the nanoparticles were distributed uniformly only on the surface of the reduced graphene oxide. This biosensor showed a rapid response and high sensitivity for detection of monocrotophos with a linear range from 1.0 to 600 ng/ml and a detection limit of 0.1 ng/ml [54] . Pollutants such as lead, characterized by long-term persistence and harmful effects on plant growth and human health, may be removed from the environment by phytoremediation. This process may be achieved by the use of synthetic chelators as shown in the plant model of Pisum sativum L. by Glińska and coauthors [55] . Plant seedlings grown in hydroponic culture were treated with an aqueous solution of 100 µM Pb(NO) 3 or with a mixture of lead nitrate and lead nitrate and ethylenediaminetetraacetic acid (EDTA) or [S,S]-ethylenediaminedisuccinic acid (EDDS) at equimolar concentrations.
EDTA significantly diminished Pb uptake by plants as compared to the lead nitrate-treated material. In the presence of both chelates, plant growth parameters remained considerably higher than in the case of those exposed to Pb(NO) 3 [55] .
METAL ACCUMULATION IN PLANTS
Heavy metals pose a threat for crops since they accumulate in plants. To evaluate the pollution in leafy lettuce (Lactuca sativa L.) Cd and Pb accumulation was investigated in different cultivars [56] . The authors found that lettuce is at high risk for Cd pollution and provided a list of the cultivars characterized by low accumulation of Cd and Pb that may be used for breeding a pollution-safe crop. Plants have developed a range of strategies against penetration of stress factor such as metals and fungal pathogens. One of the most common is the synthesis and deposition of callose in the cell wall, which functions as a physical barrier [57, 58] . Induction of synthesis of cell wall polysaccharides may inhibit the transport of metal ions from the apoplast to the symplast [59, 60] . Callose played an effective barrier markedly limiting the amount of lead which entered the protoplasts of the moss Funaria hygrometrica [61, 62] . Pb induced callose synthesis also in duckweed (Lemna minor L) roots, but this compound was deposited only locally and thus inefficiently protected the protoplast from lead accumulation. These results may indicate that the effectiveness of callose as a barrier for Pb penetration might be distinct in different plants [63] . X-ray microanalysis showed a rapid accumulation of Pb ions in the root meristem of L. minor, and after 1 h of treatment with Pb the metal was localized to cell walls, vesicles and small vacuoles of all the distinguished cell layers of the root [64] . One of the effects of such lead accumulation was the reduction in mitotic activity in the root tip [65] . Recent studies on Lemna trisulca L. indicate that H 2 O 2 can be involved in the avoidance-like movement of chloroplasts induced by lead [66] . The plant model was also used in the studies of Gutiérrez-Ginés and coauthors [67] on soil pollution that causes its degradation. The experiments were performed with a bioassay on a 16-week Avena sativa that was cultivated on 5 samples of soil from two abandoned mines in Spain contaminated with more than 3 heavy metals at a level above World Health Organization (WHO) reference limits. The content of heavy metals was estimated by EDS and the effects of contamination on plants analyzed by low-temperature scanning electron microscopy. The accumulation of heavy metals was higher in plant roots than in shoots. For instance, the content (mg/kg) of Pb was even 45 times higher than the WHO reference level, whereas that of Cu and Cd was 51 and 13 times higher, respectively, depending on the soil analyzed. The effect of soil contamination on growth of oats included such symptoms as leaf chlorosis and incapability of fruiting [67] .
The detailed protocols of fixation and analysis of plant tissues for the examination of biomineralization using SEM and qualitative energy-dispersive X-ray microanalysis (EDS) may be found in the recently published review by He and Kirilak [68] .
PERSPECTIVES
The detection limit of EDS of a few mmol/kg and the smallest amount to be quantified in the order of 10 −18 g [9] make this method very appealing to scientists performing research in many fields. The major advantage of an EDS system is that it can be coupled with other detection systems. A major disadvantage of EDS is overlapping between peaks that are close. Therefore a very careful analysis is required. Fultz and Howe [7] listed the following quantifiable limits to EDS: the absolute accuracy of quantification, the minimum detectable mass (fraction) and the spatial resolution. They also mentioned practical limits such as contamination, specimen geometry and preparation that were discussed above in this article. There is continuous progress in EDS instrumentation, making detection more precise and faster. An extensive comparison of three different types of detectors -the silicon drift detector (SDD), the silicon photodiode (Si-PIN) and the cadmium telluride (CdTe) detector -was undertaken by Redus et al. [69] . CdTe and Si, a combined (dual) detector system, has the advantage of providing high resolution spectra for both high and low Z elements [70] . The silicon drift detector energy dispersive spectrometer (SDD-EDS) permits operation at a factor of 5-10 times higher than conventional EDS for the same resolution. Output count rates as high as 500 kHz can be achieved with 217 eV energy resolution at Mn Kα. These very high count rates enable capturing of a complete spectrum at each pixel of the scan in less than 200 s with a pixel density of 160 x 120 [71] . The detector can handle much higher input count rates, allowing throughput count rates of up to 100,000 cps, and is characterized by improved resolution at low count rates [72] . This feature may be useful for thin biological samples to reduce radiation damage [73] . ESEM (Environmental SEM) allows analysis of unhydrated and/or uncoated samples and -as described by Danilatos, who designed it -may operate from a high vacuum up to at least a pressure level that can maintain a fully wet specimen [74] . The new trend of X-ray mapping described by Davilla [75] is Event Streamed Spectrum Imaging (ESSI). The X-ray events are assembled with other signal sources into a pixel event that contains all data acquired at a specific pixel position. The pixel events are streamed as packets to a host computer, where they are buffered and stored to disk for subsequent processing. This method is especially useful for cells or particles on a support substrate [75, 76] . Another approach in EDS is Event Stream Spectrum Imaging (ESSI), a method in which X-rays are passed to the scan generator and assembled into a pixel event that contains all information (transmitted electrons, beam current, X-rays, etc.) related to that pixel position collecting electron and spectral signals [76] .
